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OUTLINE

- Quantifying the impact of neutrinos on cosmological observables

- Simulating neutrinos beyond linear theory: neutrinos and LSS

- Review of (tightest) constraints on neutrino masses

- Sterile neutrinos and the coldness of cold dark matter at small scales



EVOLUTION of COSMOLOGICAL LSS —I: methods

Linear theory -- use popular codes like CAMB http://camb.info/

Non-linear evolution -- approximations (e.g. Lognormal modelling /Peacock & Dodds,PT etc.)
or N-body/hydrodynamic/adaptive mesh refinement techniques

Early simulations: direct summation method for the gravitational N-body problem (still
useful for stellar systems) Holmberg 1941, Aarseth 1979, Peebles, White etc.

Improvement made in the 90s to compute large scale force via Fourier/mesh techniques
Tree algorithms arrange particles in groups and compute forces by summing over

multipole expansions.

These two have been combined into Tree+PM codes, that could include hydrodynamic
processes using for example the smoothed particle hydrodynamics (SPH, Lucy 1977) .

Hydrodynamic processes are important at small scales



EVOLUTION of LSS —II : dynamics in the linear regime

CMB GALAXIES  IGM (WL)
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EVOLUTION of LSS — III : background evolution
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Note that the equation above is not exact
but it is a good approximation (e.g. Komatsu et al 11)



EVOLUTION of LSS - IV: individual neutrino masses do matter

Lesgourgues & Pastor 2006
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SIMULATION of LSS — I: basic equations

flr, v, 1)
DM

d d oD d . . .
d—f;'—f+v _f — ‘db _f =0 Collisionless Boltzmann Equation
dt ot 0X ar ov

Vd(r.t)=47G ff(r’ v.1) dv Poisson equation

N-body problem: follow the Newton’s equation of motions for a large number of particles
under their own self-gravity

GAS
dp _ o du P A(u, p)
a pV-v=0 Continuity a5 V-v— Energy
dv VP Euler P=(y—Dpu Gas eq.of state




SIMULATION of LSS — II: basic equations for DM

Tree method — expansion of the gravitational potential in multipoles

SR R Cagk
‘4o v RO :l—_T'_-' r<|/6 then
‘- . ’> . : . { ) open the node
' . |_~‘ B |
| Gl ; - 13
o) =Gf B Lo Loy M0 Ly SO0 Ly S0

‘1"—f| ér;ér;0n
D(r) = {M(l/r) —~PeV(l/1) +1QIvv(l/r) —%§ S VVV(L/T) + -+ }

P dipole moment, Q tensor quadropole moment, S usually not considered




SIMULATION of LSS — III: historical background

1980: Bond et al. 1980 — linear theory (also Russian school with Zeldovich)
1983: Bond et al. — Evolution of Boltzmann-Einstein equations. Clustering
properties of galaxies not reproduced if the universe is dominated by
neutrinos (White et al. 1983) — numerical experiment

1992: Davis et al. HDM or CHDM models P3M codes with neutrino particles
placed as the dark matter ones (same CDM spectrum + velocities): 3273
particles

1993: Klypin et al. 2 x 12873 particles at z_IC=14 with the right power
spectrum

1994: Ma & Bertschinger approximate linear scheme evolved at z=13 and
after that pure N-body




SIMULATION of LSS — IV: the distribution of matter

Pure HDM not allowed. However CHDM is still viable and impacts on the cosmic web

Comparison: COBE Compatible Bias
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SIMULATION of LSS — V: Initial Conditions

Linear power
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N-body simulations — I: particles

Simulation of neutrinos as an

independent set of particles that
interact gravitationally

COLD DM NEUTRINOS 0.6 eV ~ NEUTRINOS 0.3 eV

Brandbyge et al 08



Pr(<v)

N-body simulations — II: velocities
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N-body simulations — III: effects in terms of non-linear power

AP [P, %]
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AI)m / Pm [O/O]

N-body simulations — I'V: mesh method

Computing the neutrino gravitational potential on the PM grid and summing up
its contribution to the total matter gravitational potential

COMPARISON GRID VS PARTICLES

M v =0.6 eV Mv=1.2eV
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AI)m / Pm [0/0]

Brandbyge et al 08b



N-body simulations — V: a hybrid approach
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N-body simulations — VI: comparison
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PARTICLES: accurate non-linear sampling but prone to shot-noise errors

GRID: fast and accurate but no phase mixing (i.e. non-linear regime suppression
maybe it is less than it should be)



N-body + Hydro simulations — I: slices

z=3, DM (blue) + GAS (red) z=3, DM (blue) + GAS (red) + v (green)

ylh'Mpe]

TreeSPH code Gadget-lll

follows DM, neutrinos, gas and star
particles in a cosmological volume

Viel, Haehnelt & Springel 2010, JCAP, 06 ,15




Hvydro simulations — II: redshift/scale dependence of non-linear power

Full hydro simulations: gas physics does impact at the <10 % level at scales

k <10 h/Mpc
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Hvydro simulations —

I1I: halo mass functions
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Hvdro simulations — [V: matter and halo clustering
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N-body simulations — V: halo density profile

Brandbyge et al. 2010




Hydro simulations — VI: redshift space distortions
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Hvdro simulations — VII: very non-linear regime comparison with halofit

P(k) change, m,=0.6,2=0 P(k) change, m,=0.6,2=0.2
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IGM

Ordinary baryonic matter that fills the space between galaxies



Dark matter evolution and baryon evolution — |

linear theory of density perturbation +
Jeans length L, ~ sqrt(T/p) + mildly non linear evolution

" 1 2}"\' T, e Jeans length: scale at which gravitational forces
Ah
Hﬂ

. x ¢ |
3um, 1 + z) and pressure forces are equa

) | O X 1) |
0p(X) = . J'l DMLY lc’_lx_x'l""“d.\‘,
mxy | |x—x,
. Density contrast in real and Fourier space
Ol k)

Sﬂll‘. = 35 n
%) L+ x5k

roN
4

. . (0p) i i
n(x) = n, exp I:Of«'(".) . ; :I Non linear evolution lognormal model

—_

Bi & Davidsen 1997, AplJ, 479, 523



Dark matter evolution and baryvon evolution —II
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THEORY: GAS in a LCDM universe

80 % of the baryons at z=
are in the Lyman-ao forest

eiksin’s review (2007)

baryons as tracer of the dark
matter density field

ocv ~ O py  at scales larger than the
Jeans length ~ 1 com Mpc

flux = exp(_—c) ~ exp(-(élGM )1.6 T 0.7 )




The data sets
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The interpretation: full grid of sims - I

SDSS power analysed by forward modelling motivated by the huge amount of data

with small statistical errors
CMB: Spergel et al. (05)

Galaxy P(k): Sanchez & Cole (07) Flux Power: McDonald (05)
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Hvydro simulations — VI: redshift/scale dependence of flux power

Effect on flux power observables is smaller than matter power
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Viel, Haehnelt & Springel 2010, JCAP, 06,15



GOAL: the primordial dark matter power spectrum
from the observed flux spectrum (filaments)

Wavelength A [h~! Mpc]
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The interpretation: flux derivatives

Analysis of SDSS flux power

The flux power spectrum is a smooth function of k and z

Flux power

Best fit

p: astrophysical and cosmological parameters

but even resolution and/or box size effects if you want to save CPU time



Summary (highlights) of results from the high-res and low-res data

Why Lyman-a ? Small scales
High redshift
Most of the baryonic mass 1s in this form
Quasars sample 75% of the age of the universe

1. Measurement of matter power spectrum McDonald et al. 05,06 Viel et al. 04, 06

2. Tightest constraints to date on neutrino masses and running of the spectral index

Seljak, Slosar, McDonald JCAP (2006) 10 014

3. Tightest constraints to date on the coldness of cold dark matter

MV et al., Phys.Rev.Lett. 100 (2008) 041304



Results Lyman-o only: amplitude and slope of matter power

Dis 2 o 3Hnes (kp,zp ) 4+(1/2) vt (K, zp ) In[k/ku(2))
Aj(k, z) ~ {'} A; (kyy z,) X —
D(zp) ' k(z) ]
»2 likelihood code distributed with COSMOMC McDonald et al. 05

77—

LoX:

Croft et al. 98,02 40% uncertainty

L 0.6 -
Croftetal. 02  28% uncertainty S
Viel etal.04 29% uncertainty E%M ]
McDonald et al. 05 14% uncertainty %
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Redshift z=3 and k=0.009 s/km corresponding to 7 comoving Mpc/h



Results Lyman-o only with flux derivatives: correlations

Fitting SDSS data with
GADGET-2
this is SDSS Ly-a

08 09 1 11 12 0.15 0,25 0.35 only !!
m

FLUX DERIVATIVES
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Active neutrinos — I: the effect ko 22 0018 O}f* () Mpe™!

Lesgourgues & Pastor Phys.Rept. 2006, 429, 307
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Active neutrinos — ll: constraints

Seljak, Slosar, McDonald, 2006, JCAP, 0610, 014

I ) : I l
SE i3
%‘ :normfal A
S0 A
Eat : /
= . inverted
N
20 limit
M .
l 1 ; 1 ll 1 1 1 1 1 1 L Ll
o
.05 0.1 0.2 0.5 1

Zm, [ev]
Tight constraints because data

are marginally compatible =mv (eV) < 0.17 (95 %C.L.), < 0.19 eV (Fogli et al. 08)

r<0.22 (95 % C.L.)
running = -0.015 £ 0.012
Neff = 5.2 (3.2 without Ly o)
CMB + SN + SDSS gal+ SDSS Ly-a
Goobar et al. 06 get upper limits 2-3 times larger......
for forecasting see Gratton, Lewis, Efstathiou 2007



Active neutrinos — lll: comparison with other constraints

voscill. + 8+ 0v28 claim + WMAP 3y v oscillations + cosmology (all)
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Fogli, Lisi, Marrone, Melchiorri, Palazzo, Serra, Silk, Slosar, PhysRevD, 2007, 75, 0533001



RESULTS

WARM DARK MATTER

Or if you prefer.. How cold is cold dark matter?



(Some) Motivations

Some problems for cold dark matter at the small scales: 1- too cuspy cores,

* 2- too many satellites, 3- dwarf galaxies less clustered than bright ones
(e.g. Bode, Ostriker, Turok 2001)

Although be aware that 1- astrophysical processes can act as well to alleviate
these problems (feedback); 2- number of observed satellites is increasing
(SDSS data); 3- galaxies along filaments in warm dark matter sims is probably
a numerical artifact

Minimal extension of the Standard Model for particle physics that accommodates
* neutrino oscillations naturally

Hints of a sterile sector: LSND experiment prefers a sterile neutrinom <1 eV
but Lyman-o datam ,< 0. 26 eV

and best fit N eff (active) =5.3
The LSND result has been rejected by MiniBoone

Although be aware that LSND results are controversial and that Lyman-a
data that wish to probe the subeV limits are prone to systematic effects
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WDM 0.5 keVv

A
v

30 comoving Mpc/h z=3
See Bode, Ostriker, Turok 2001

In_general .
Abazajian, Fuller, Patel 2001

@ (m x/1keV) Mpc'

Set by relativistic degrees of freedom at decoupling

MV, Lesgourgues, Haehnelt, Matarrese, Riotto, PRD, 2005, 71, 063534
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Lyman-a and Warm Dark Matter - IV

MV et al., Phys.Rev.Lett. 100 (2008) 041304

1
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Little room for warm dark matter...... at least in the standard DW scenario
...the cosmic web is likely to be quite “cold”

(a bit) WARM sterile 10 keV

A
4

-




To constrain the sterile neutrino particle we need two parameters:

1) Neutrino mass mg

2) Mixing angle O that describes the interaction between active and
sterile neutrino families



Lya-WDM VII: analysis with flux derivatives
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Fabian, Sanders and coworkers.....

AE line =

E/c’ ~ 50eV for a galaxy cluster 5 eV for a galaxy for E=5keV

v virial




Decaying channel into photons and active neutrinos line with E=m_/2 (X-band)

data znd folded model

Mseus Cluster 1 Msec (courtesy of Jeremy Sanders)
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Satellites of the Milky Way and Warm Dark Matter
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CONCLUSIONS

- Neutrinos do impact on the LSS at a level which is very much constrained by present
data sets. The effect is small and systematic effects should be addressed at an
unprecedented level of precision. Modelling the power spectrum at the 1 % level at
small scales is difficult: relevant physical processes and numerics should be modelled
and under control.

-Among different observables | outlined the important role of the IGM, which is
currently providing the tightest constraints on the mass (0.17 eV — 20 upper limit);
weak lensing and galaxy redshift surveys are likely to provide interesting results

-Coldness of cold dark matter at small scales is a fundamental observable since
possible deviations from the standard model can be measured or a candidate can show
up. At present the constraints on the sterile neutrinos are tight (especially from IGM
data) and are 14 keV (20 lower bound) in the non-resonantly production mechanism or
about 2 keV (20 lower bound) in the resonant production scenario.

- Tools to investigate these topics beyond the linear regime are N-body simulations
(and others)
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