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Evidences for DM | ' "’ -

- rotation curves

- galaxy clusters

- growth of perturbatios from CMB
- concordance cosmology

The Impact of the mass DM particles on the formation f A x
of cosmic structues

Galaxy Formation in Cold Dark Matter:
The small-scale crisis

Galaxy Formation in Warm Dark Matter scenarios



Galaxy rotation curves

M/L=10-50

Galaxy clusters:

velocity dispersions
X-ray temperature
Gravitational lensing

M/L~100

Cosmology
Ordinary matter (baryons) can only grow after —5
ricombination (z~1000). 5(t7“60) ~ 10
Since &~ (1+z), they can grow at most a factor 1000.

5~10° observed at recombination implies that they cannot 5(t) ~U t2/3 ~U (1 _|_ Z)
grow non-linear (6~1) at the present time

Dark Matter: starts to grow earlier. At recombination
baryons fall into potential wells which are already in place

CMB+Baryon Nucleosynthesis

(2:=0.04| | Q2u=0.25




Galaxies are the tip of the iceberg (underlying DM distribution)
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Galaxies are the tip of the iceberg (underlying DM distribution)
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Galaxies are the tip of the iceberg (underlying DM distribution)
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Galaxies are the tip of the iceberg (underlying DM distribution)

Diemand et al. 2008
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Cosmic Structures form from the collapse of overdense regions in the DM primordial density
field, and grow by gravitational instability
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Cosmic Structures form from the collapse of overdense regions in the DM primordial density
field, and grow by gravitational instability
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The Variance of the perturbation field
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The Variance of the perturbation field

log O

Perturbations
involving scales
larger than that of
the

horizon at the
equivalence

start to grow later



The Variance of the perturbation field

Perturbations
involving scales

On average, perturbations on large scales Jarger than that of
(large masses) have a lower amplitude the
horizon at the
equivalence

start to grow later

O~const for M<Mhot(teq)
O-~M-2/3 fOI‘ M>Mhot(teq)

A

log O




The Variance of the perturbation field

log O

Perturbations
involving scales
larger than that of
the

horizon at the
equivalence

start to grow later



In terms of wavenumber k—Power Spectrum
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In terms of wavenumber k—Power Spectrum
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The evolution of DM
perturbation

Initial density perturbations constitute
a random Gaussian field.

Measurements of the CMB show that
its variance is inversely related to
their mass scale.

This implies that small scales collapse
- on average - at earlier times

z = 48.4

500 kbc

TR~

0.05 Gyr




The evolution of DM
perturbation

Initial density perturbations constitute
a random Gaussian field.

Measurements of the CMB show that
its variance is inversely related to
their mass scale.

This implies that small scales collapse
- on average - at earlier times

z = 48.4
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z = 48.4

The evolution of DM
perturbation

Initial density perturbations constitute
a random Gaussian field.

Measurements of the CMB show that
its variance is inversely related to
their mass scale.

This implies that small scales collapse
- on average - at earlier times

e
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z = 48.4

The evolution of DM
perturbation

Initial density perturbations constitute
a random Gaussian field.

Measurements of the CMB show that
its variance is inversely related to
their mass scale.

This implies that small scales collapse
- on average - at earlier times
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Dissipation, free-streaming scale

Angulo & White, 2010

neutralino
m, ~ 100 GeV
R ~ 1 pc
Mfs =~ MEarth
o(z=0) ~ 0.03 cm/s




Dissipation, free-streaming scale

d (h! Mpc)
100 10

Mierewave Beckground Superciusters Clusters G siaxies

CDM
n =1




e 5

Varying the particle mass

“COId” ‘(Hot’)

Lovell et al. 2012




What’ so cold about CDM

For “thermal relics” such as neutrinos, it is relatively
straightforward to compute their present day abundance.
Neutrinos relativistic at decoupling — large velocity dispersion.

Candidates for “Hot Dark Matter” -- ruled out by observation.

CDM: Velocity dispersion assumed to be vanishingly small

limit Mts << Masses of Cosmological Relevance




Testing the COLD DARK MATTER scenario

against observations: the evolution of galaxies

Requires modelling of baryon physics
inside evolving DM potential wells
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- gas physis (cooling, heating)

- disk formation

- star formation

-evolution of the stellar population

- injection of energy into the gas
from SNae
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Testing the COLD DARK MATTER scenario

against observations: the evolution of galaxies

Requires modelling of baryon physics
inside evolving DM potential wells
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- gas physis (cooling, heating)

- disk formation '

- star formation o

-evolution of the stellar population N

- injection of energy into the gas
from SNae
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Galaxy Formation in a Cosmological Context

Semi-Analytic Models

Hydrodynamcal -

N-body simulations Monte-Carlo realization of

Pros collapse and merging histories
include hydrodynamics of gas Pros

contain spatial information Physics of baryons linked to DM halos
Cons through scaling laws, allows a fast spanning
numerically expensive of parameter space

(limited exploration of parameter space) Cons

requires sub-grid physics Simplified description of gas physics

Do not contain spatial informations



Semi-Analytic Models
Monte-Carlo realization of

Galaxy Formation in a Cosmological Context
collapse and merging histories
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Simplified description of gas physics

Cons
Do not contain spatial informations
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Galaxy Formation models in CDM scenario

Local properties:
gas content

luminosity distribution
disk sizes

distribution of the stellar
mass content

log N (h-3Mpc-3dex-1)

FN

o <)
~ @

galaxies/kpe/Ny
o
N

log N [Mpe-3dex-!]

[ EN

A

&

100 1010 1on 1012

properties of distant galaxies:
luminosity distribution
evolution of the star formation rate
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Color Distributions: bimodal
distribution (early type vs late type)
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Critical Issues

Overabundance of low-mass objects
i) satellite DM haloes
ii) density profiles

iii) abundance of faint galaxies
iv) abundance of faint AGN



Critical Issues - — \
CDM Substructure in simulated cluster and
galaxy haloes look similar.

I) satellite DM haloes Expec_:teq number of satellites in Milky Way- like
galaxies in CDM largely exceeds the observed
abundance.

\ J

Via Lactea simulation of a Milky Way - like galaxy
Diemand et al. 2008




Critical Issues N

/CDM Substructure in simulated cluster and
galaxy haloes look similar.

. . Expected number of satellites in Milky Way- like
I) Sateulte DM haloes galaxies in CDM largely exceeds the observed

abundance.
_ J

Kravtsov, Klypin, Gnedin 2004

<0 30 40 50 6070
V... (km/s)




Critical Issues " Most observed dwarf galaxies consist of a rotating h

stellar disk embedded in a massive dark-matter halo
with a near-constant-density core. Models based on the
.o . dominance of CDM, however, invariably form galaxies
||) den5|t)' PI’Oﬁ'ES with dense spheroidal stellar bulges and steep central
dark-matter profiles, because low-angular- momentum
baryons and dark matter sink to the centres of galaxies
._through accretion and repeated mergers. )

The effect of adopting a cutoff
in the power spectrum for r<8 Mpc

Moore et al. 2002
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Critical Issues

In all first-generation SAM the

. . : . number density of faint (low-
iii)over-prediction of faint galaxies S Sulaaies wSs St

predicted

o Pozetti et al. (2003)
. Drory et al. (2003)
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The K-Band Luminosity Function in the
Somerville et al. SAM
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A first-order solution: feedback and UV background

(- )
The origin of the problem:

feedback The DM halo Mass function has a steep log slope N~M-":8
While the Observed Galaxy Luminosity Function
has a much flattter slope N~L-"-2

A Possible Solution:

Suppress luminosity (star formation) in low-mass haloes
Heat - Expell Gas from shallow potential wells

- Enhanced SN feedback

N UV background

J

Mass scale at which

-295

M, —5logh ESN ~ 1051 NoNI M F AM* e,r,g/s SN can effectively espell gas from

DM potential wells

Mgy ~ 101 M

Vege = \/ESN/MgaS ~ 100 km/s

at low z, att higher redshift the
density is higher an Msn increases

Time since the Big Baag: 0.9 Milion years naturevideo




A first-order solution: feedback and UV background

4 Cl'he origin of the problem: A
feedback The DM halo Mass function has a steep log slope N~M-":8
While the Observed Galaxy Luminosity Function
has a much flattter slope N~L-1-2
A Possible Solution:
Suppress luminosity (star formation) in low-mass haloes
Heat - Expell Gas from shallow potential wells
- Enhanced SN feedback
- UV background )
_o5 51 Mass sF:aIe at which
M, —5logh Esn = 10 NoNIMF AM.er g / S °N Ca"S‘;‘:,e;t:;'r{t;ﬁ‘j!,ﬁas from

Mgy ~ 10'° M

at low z, att higher redshift the
density is higher an Msn increases

Vege = \/ESN/MgaS ~ 100 km/s

Vogelsberger et al. 2014




The effect of feedback

i) the abundance of satellites

obs MW

no feedback
5 v, UV oOn
— L N, ————e UV4SN

——— clossical satellites

Guo et al. 2009

Governato et
' al. 2009

e Koposov et al. (2008)
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Guo et al. 2011

Refined treatment of Gas and
Stellar Stripping

IOQ,O(‘D [Mpc' log,oM.” ])

Enhanced (tuned) feedback
dependence on the circular
velocity of the DM halo

l0g,o(® [Mpc3log,oM,™'])
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Abundance of galaxies as a function of their
velocity width (gas rotation velocity)

21-cm survey done with
Arecibo Telescope: 3000
deg?; 1 1000 detections
measures: redshift,
velocity width, integrated
flux

No spatial resolution
(size, inclination, shape)

~2 orders of mag
0

3\
/

Mpc >dex™")

CDM prediction:

3
70

§ R g Directly measures A
e — the depth of the potential well:
— o0, ot gl less prone to physics of gas (feedback)
ﬁ |o<;2'v? (km s7") 4 ' \ /

Papastergis+ (2011)

Solutions within CDM scenario ?

- large fraction of galaxies with low gas content
(below the sensitivity)

-large fraction of galaxies with rising rotation curve

DISTRIBUTION OF DARK MATTER IN NGC 3198

NGC 3198

Ve (km/s)
(6007) +s191EMg

Radius (k:co) Radius (kpc)

‘flat’ rotation curve ‘rising’ rotation curves




Abundance of galaxies as a function of their
velocity width (gas rotation velocity)

21-cm survey done with
Arecibo Telescope: 3000
deg?; 1 1000 detections
measures: redshift,
velocity width, integrated
flux

No spatial resolution
(size, inclination, shape)

~2 orders of mag
0

|

Mpc3dex™")

CDM prediction:

Trujillo—Gomez et al. (2010)

~

log ¢ (h

Directly measures
the depth of the potential well:
less prone to physics of gas (feedback)
2.0 1 25 J K /

log w (km s™')

DM + Baryons

. DM + Boryons + Adiabatic Contraction

Zavala et al. (2009)
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— CDM, modeled galaxies

Papastergis+ (2011)

At high redshift, galaxies are denser
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0.6<2<0.8 0.8<2<1.0

Difficult to expel gas from such compact

5 objects
3 rsacs Even with maximized feedback, current

models still over estimate the number of
small mass galaxies

10g,o($[Mpc*og,M.™"])
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Galaxy formation in
WDM Cosmology

Mass/Final Mass
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Galaxy formation in
WDM Cosmology

Mass/Final Mass

0.00 .04 n.ca 012 0.16 > 020
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Implementing WDM power spectrum in the galaxy formation model
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To explore the maximal effect of a power-spectrum cutoff on galaxy formation,
we consider a cutoff at scales just below 0.2 Mpc, where data from Lyman-a systems
(compared to N-body simulations) yields stringer upper limits on power suppression.

This corresponds to mass scales M«x~5 108 Mo
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Implementing WDM power spectrum in the galaxy formation model
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To explore the maximal effect of a power-spectrum cutoff on galaxy formation,

we consider a cutoff at scales just below 0.2 Mpc, where data from Lyman-a systems
(compared to N-body simulations) yields stringer upper limits on power suppression.
This corresponds to mass scales M«x~5 108 Mo
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Implementing WDM power spectrum in the galaxy formation model

WDM

WDM
particle mass
1 kev




Galaxy Formation in WDM cosmology (mwpm=1 keV)
NM et al. 2012-2013

Evolution
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Shankar et al. 2014

Substructure Predictions

CDM

WDM

LOVELL ET AL. 2013

§ — ALFALFA

Zavala et al. (2009)

— CDM, modeled galaxies

— WDM, modeled galaxies
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The AGN luminosity Functions
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Constraints from X-ray emission from
clusters and galaxies

if ms>mq the radiative decay Vs— Vaty
becomes allowed

Emission lines in X-rays from DM concentrations:
- clusters (large signal but also large background)
- galaxies
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Abazajian et al. 2001-2005
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FIG. 4: Constraints on sterile neutrino DM within ¥MSM [4]. The
blue point would corresponds to the best-fit value from M31 if the
line comes from DM decay. Thick errorbars are =10 limits on the
flux. Thin errorbars correspond to the uncertainty in the DM distri-
bution in the center of M31.

Boyarsky et al. 2014



Summary

The mass of DM particles has a major impact on structure formation
(suppression of small-scale perturbations due to free-streaming)
CDM is the limit of Mx<< masses of cosmological interest

CDM problems on small scales:
cusps
number of satellite galaxies
abundance of low-mass (faint) galaxies at low and high redhsifts

Baryonic physics can hardly solve the problems
Galaxy formation in WDM cosmology is a viable solution
There is a tension:

current limits from high-z structure (Lyman-a forest)
suggest m>10 keV, but to solve the galactic small-scale crisis m<2 keV is needed
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6 — Sterile neutrino resonant production

In presence of a large lepton asymmetry, £ = (n,, — ny)/n.,, matter effects
become important and the mixing angle can be resonantly enhanced. [Shi,

Fuller, 1998; Abazajian et al., 2001

sin?20,, =

AZ?(p) sin? 20
A2(p) sin? 20+ D2+ (A(p) cos 20— 228 G T3 L4 V)2

The mixing angle is maximal sin” 26,,, = 1 when the resonant condition is
satisfied (with A(p) = m3/(2p))

A(p) cos 20 — %GFT?’E +|Vr| =0

2
(171:34\/> = 0'08% 10£—4 (100%@\/)4 +2 (%)2 kfv (10071;/1(3\/)6




Sterile neutrinos are produced in primordial plasma through

- off-resonance oscillations. [Dodelson, Widrow; Abazajian, Fuller;
Dolgov, Hansen;

Asaka, Laine, Shaposhnikov et al.]

- oscillations on resonance, if the lepton asymmetry is non-
negligible [Fuller, Shi]

» production mechanisms which do not involve oscillations
— inflaton decays directly into sterile neutrinos [Shaposhnikov,
Tkachev] — Higgs physics: both mass and production [AK, Petraki]



Watson et al. 2012
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Very small mixing (sin?260 < 10~7) between

mass Iv;,> &

Vo) = cosf|vy) + sinf|vs)
lvs) = —sinB|vy) + cosf|vs)

flavor lv, (> states:

Form,<m,_,

3v Decay Mode Dominates:

=2
sin<20\ ; m.\>
-— -30.—-1 S
I3, = 1.74 x 10730 (10—10)(kev) V,

Radiative Decay Rate is:
Cay . [siN%20
fs = 1.36 107 1<10 1°>(keV) Vs — Vg T 7
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» Electro Weak Scale(~100GeV) WIMP naturally explains

the relic abundance. TeV scale SUSY & neutralino dark matter



Dispersional relations for active and sterile neutrinos (from real part)

E(k)/M

active

sterile

L=0

Transitions v — Ny

Zero lepton asymmetry

E(k)/M

2.5 active

sterile L£0

S

level crossing

Resonant transitions

Lepton asymmetry
created in N3 3 decays

Heidelberg, 13 and 14 July 2011 — p. 36



Alexander Kusenko (UCLA) DM 08

‘ Dark matter and the Lyman-« forest. I

The bounds depend on the production mechanism.

keV (Ds)
Apg =~ 1 Mpc - - -
ms 3015T Tzl kev

The ratio
{pd) 0.9 for production off — resonance
(3 158T) — 0.6 for MSW resonance (depends on L)
: T~1keV 0.2 for production at T > 100 GeV

- Photon energy:

- Radiative decay width

r — 9C‘EMG%‘ 02 M5
2564 1

Dark matter made of sterile neutrino is not completely dark

Dolgov & Hansen (2000)



Ruchayskiy

Where to look for DM decay line?

Extragalactic diffuse X-ray Dolgov & Hansen, 2000; Abazajian et al., 2001
background (XRB) Mapelli & Ferrara, 2005; Boyarsky et al. 2005

Abazajian et al., 2001

m  Clusters of galaxies Boyarsky et al. astro-ph/0603368

DM halo of the Milky Way. prarsky et al. astro-ph/0603660
u Riemer-Sgrense et al. astro-ph/0603661

Signal increases as we increase FoV! Boyarsky, Nevalainen, O.R. (in preparation)

Boyarsky et al. astro-ph/0603660

m Local Group galaxies Watson et al. astro-ph/0605424

m “Bullet” cluster 1E 0657-56 Boyarsky, Markevitch, O.R. (in preparation)
m Cold nearby clusters Boyarsky, Vikhlinin, O.R. (in preparation)
m Soft XRB Boyarsky, Neronov, O.R. (in preparation)

Need to find the best ratio between the DM decay signal and object’s
X-ray emission



CDM as particle Dark Matter

0.01 §
0.001
0.0001

10-¢
10-¢
10-7
10-®
10-¢

10-1
10-12
1019
10-M
10-%

>
e
n
c
Y
a
O
¥o)
3
Z
=g
=
o
e
—
o
O

10~
10-*
10~
10-
10-®

time t (t~T2)—»

freeze-out of a weakly interacting

lo-lO -

3=y 3 I

thermodynamic
equilibrium:
annihilation
X ]
N ;A
P

/ N7

and pair production

A

EQ

- Mmassive particle (WIMP %) when
reaction rate drops below
expansion rate

7—7¥'TI

Increasing <o,v>

~ 1/20 x m(WIMP)

Tfreeze-out

Cold Dark Matter:
» non-relativistic

“survival of the weakest”

At or below the weak scale

1

., 3x107%cm’/sec

(o4)




